ABSTRACT The bifunctional crosslinking reagents disuccinimidyl suberate and dithiobis(succinimidyl propionate) were used to attach '5I-labeled human chorionic gonadotropin covalently to rat testicular membranes. The extent of crosslinking was dependent on time and concentration; routinely, 30% of the specifically bound hormone was covalently linked to the membranes in the presence of 0.5 mM crosslinking reagent when incubated at 25C for 15 min. Excess unlabeled hCG blocked the crosslinking of '"I-hCG to the membranes. When solubilized with Triton X-100 and analyzed by sucrose density gradient centrifugation, both the native and the crosslinked hormone-receptor complex sedimented with an apparent Mr of 220,000. Thus, the receptor itselfwould have Mr 180,000. When the crosslinked complex was analyzed by sodium dodecyl sulfate/polyacrylamide gel electrophoresis, the predominant species had a Mr of 123,000 and appeared to represent the labeled a subunit of hCG covalently linked to a membrane component. The Mr of this receptor component would be 100,000, a value approximately half that of the Triton X-100-solubilized receptor. Thus, the membrane receptor for hCG may consist ofa dimer oftwo binding subunits or a binding subunit associated with one or more additional subunits that might play a coupling or regulatory function.
The initial event in the action oflutropin (LH) and of its analog, human chorionic gonadotropin (hCG), on Leydig cells is the binding of these hormones to specific receptors on the cell surface (1) (2) (3) (4) (5) . The rat testicular gonadotropin receptor has been solubilized with non-ionic detergents and its hydrodynamic properties have been determined (1, 4) . Little is known, however, about its chemical composition and quaternary structure. The utility of chemical crosslinking reagents for studying membrane proteins is well established (6) (7) (8) . In particular, the disuccinimidyl esters have been useful because they react quickly and extensively with free amino groups under physiological conditions and thus minimize perturbations of the natural state (9, 10) . Czech and coworkers have successfully used these reagents to crosslink insulin to its receptor on intact adipocytes and thus analyze the quaternary structure of the receptor (10) (11) (12) .
In the present article, we describe the covalent linking of ('25I-hCG) to testicular membrane components and the analysis of the crosslinked complexes.
MATERIALS AND METHODS Materials. hCG (11,600 international units/mg, CR 119) was obtained from R. Canfield (Columbia University) through the Center of Population Research (National Institute of Child Health and Human Development). '25I-hCG was prepared as described (13) ; the specific radioactivity was 37-40 ,uCi/,g (1 Ci = 3.7 x 1010 becquerels). Disuccinimidyl suberate (DSS), dithiobis(succinimidyl propionate) (DTSP), and 1,5-difluoro-2,4-dinitrobenzene (DFDNB) were purchased from Pierce.
Isolation of Membrane Particles. Testicular membrane particles were isolated from 250-to 300-g Sprague-Dawley rats (14) . Briefly, isolated testes were decapsulated and teased apart with forceps in Dulbecco's phosphate-buffered saline (free of Ca2" and Mg2"). The tissue then was stirred for 10 min at 40C with a magnetic stirring bar. The resulting suspension was filtered through a fine nylon mesh cloth and centrifuged at 120 x g for 20 min. The resulting supernatant was centrifuged at 27,000 x g for 30 min to yield a pellet of membrane particles.
All centrifugations were done at 40C.
Binding of 1251-hCG to Membrane Particles. Between 250
and 500 jig of membrane protein was incubated with 200,000
cpm of 1251-hCG in 0.5 ml of phosphate-buffered saline containing 0.1% bovine serum albumin. Samples were incubated either at 37°C for 1 hr or at 4°C for 18 hr, diluted with 3 ml of ice-cold phosphate-buffered saline containing 1% bovine serum albumin, and centrifuged at 5000 X g for 15 min to separate bound from free hCG. Nonspecific binding was determined in the presence of excess unlabeled hCG (0.2 ,uM). In some experiments, the concentration of hCG was varied by adding increasing amounts of unlabeled hCG. Crosslinking and Dissociation of Noncrosslinked Hormone. Membranes containing bound 125I-hCG were suspended in phosphate-buffered saline (0.5-1 mg of protein per ml). The appropriate crosslinking reagent dissolved in dimethyl sulfoxide was added so that the concentration ofdimethyl sulfoxide in the final solution was 2%. Unless otherwise indicated, the crosslinking was carried out at 25°C for 15 min. The extent of crosslinking of hCG to the membranes was determined by adding 0. 1 vol of0.1 M HC1. After 3 min at pH 3, the sample then was diluted with 6 vol of ice-cold phosphate-buffered saline containing 1% bovine serum albumin and centrifuged at 5000 x g for 15 min. Alternatively, noncrosslinked hCG was dissociated by dilution of the sample with an equal volume of 4 M MgCl2 (13) . After incubation at 4°C for 10 min, the sample was diluted and centrifuged as described above.
Analysis of Crosslinked hCG-Receptor Complexes. Membranes containing bound l"I-hCG before and after treatment with crosslinking reagant were extracted with 1% Triton X-100, and the solubilized hormone-receptor complexes were analyzed by sucrose density gradient centrifugation (1) . Mem 3% stacking gel. The samples were electrophoresed at 60 V in the stacking gel and at 150 V in the separating gel. The gels were stained and destained according to Fairbanks et al. (16) . The gels were either sliced into 1-mm slices and assayed in a gamma counter or dried and subjected to autoradiography. Standard protein markers obtained from Bio-Rad were used for molecular weight determinations.
Immune Precipitation of the Hormone-Receptor Complex. Testicular membranes to which hormone had been bound or crosslinked were solubilized by suspending the washed membranes in 0.1 ml of 1% Triton X-100/2 mM Tris, pH 7.4, for 30 min at 40C. This procedure effectively solubilized >90% of the bound hormone (1, 13) . After extraction with the detergent, the samples were diluted to 1 ml with phosphate-buffered saline, and 20 ,u of rabbit anti-hCG (Cappel Laboratories, Cochranville, PA) was added. The mixture was incubated for 16 hr at 4°C before the addition of 50 ,ul of protein A coupled to Sepharose CL-4B (Pharmacia). After mixing for an additional 3 hr at 4°C, the samples were centrifuged at 10,000 x g for 5 min; the pellets were washed once and assaved for radioactivity.
RESULTS AND DISCUSSION
Covalent Linking of hCG to Testicular Membranes. Initially, the amino-group-reactive reagent DFDNB was used (unsuccessfully) in an attempt to crosslink '"I-hCG to its receptor. After incubation of membranes containing bound hCG with up to 0.2 mM DFDNB for 30 min, the same amount of bound hormone was displaced by 4 M MgCI2 as from control membranes. During these studies, we observed that membranes pretreated with DFDNB appeared to bind more '25I-hCG than did untreated membranes. Although the effect was variable, binding at subsaturating concentrations of hCG was often 2-to 3-fold higher. Scatchard analysis of the binding data indicated that treatment with DFDNB increased the apparent affinity constant 2-fold. This effect was not observed with the monofunctional reagent fluorodinitrobenzene. In addition, protection ofthe binding sites with bound hCG did not prevent the effect of DFDNB (Table 1) . These results suggest that DFDNB crosslinks membrane components distal to the binding site and this modification leads to a modulation of hormone-receptor interaction.
Both DTSP and DSS were effective in crosslinking '25I-hCG to testicular membranes (Fig. 1) . The extent of crosslinking increased with the time of exposure and the concentration of the (Table 2 ). In addition, no significant crosslinking of labeled hormone was observed in the presence of excess unlabeled hCG. When membranes were exposed to increasing concentrations of hCG, the same fraction of bound hormone was crosslinked with DSS (Fig. 2) Membraneawere incubated with '251-hCG, washed, treated with the indicated crosslinker for 15 min at 250C, and exposed to HCl or MgCl2.
Values are the mean ± SD for three determinations. Nonspecific binding was always less than 10%o and usually less than 5% of the total radioactivity bound.
either of these variables was increased; a similar phenomenon was observed for the ratio of peak II to peak I. These observations indicate that peak II represents receptor to which only the a subunit is crosslinked and peak I. represents a receptor complex containing both subunits crosslinked to each other. These results further. imply that hCG, can interact with its. receptor through its a subunit as suggested by indirect evidence (18) . Whether the hormone-receptor interaction is preferentially through the a subunit is unknown, and additional studies with hCG labeled in the 13 subunit may help resolve this question.
When the crosslinked membranes were treated with MgCl2 prior to electrophoresis, the proportion of high Mr labeled material increased (Fig. 3B) . Some free a subunit and.intact hormone were still present because MgCI2 does not remove all.of the noncrosslinked hCG from the membranes ( Table 2) .
Peak II, the predominant receptor peak, displayed an apparent Mt of 123,000 ± 10,000 (Fig. 4) . On the basis ofthe conclusion that peak II represents the receptor crosslinked to the a subunit, the receptor alone has an apparent Mr of 100,000 which is approximately one-half the value, 194,000, reported for the Triton X-100-solubilized receptor (1). In the presence ofthe dithiol reductant-/3-mercaptoethanol, the migration ofthe "MI-labeled peaks was unaltered. These-latter results suggest a lack ofsubunit structure based on interpeptide chain disulfide bonds.t Similar results were obtained with DTSP. However, in the presence of 2-mercaptoethanol, which cleaves the crosslinking reagent, the high Mr peak disappeared and the radioactivity then migrated as free hormone.
Immunoadsorption of Crosslinked hGC-Receptor Complexes. The crosslinked hormone-receptor complex could be extracted with Triton X-100 and precipitated with anti-hCG ( Table 3 ). The crosslinked hCG-receptor complex (i. e., samples crosslinked and then treated with MgCl2 prior to extraction with Triton) was precipitated just as effectivelyas the noncrosslinked complex. In both instances, approximately 60% of.the radioactivity was recovered in the final pellet. Immunoadsorption of the crosslinked l"I-hCG-receptor complex-was blocked by adDuring the completionrof our studies, we became aware of a communication by Metsikko and Rajaniemi (19) (1) . The most likely explanation ofthis observation is that the receptor consists of at least two polypeptide chains which are noncovalently associated. Thus, the testicular hCG receptor may be composed of two identical binding subunits as has been suggested for the insulin receptor (10) (11) (12) 20) . An alternate possibility is that the (22) (23) (24) , its hydrodynamic size upon detergent extraction from membranes corresponds to an apparent Mr of 126,000-130,000 (25, 26) . Recently, it has been demonstrated that, under certain conditions, the /3adrenergic receptor can physically associate with this GTP-binding regulatory component (27) . Thus, the detergent-extracted hCG-receptor complex may represent the association of binding and regulatory components which can be dissociated by NaDodSO4.
